Collagen Organization in the Secondary Chick Cornea during Development by Quantock, Andrew James et al.
Collagen Organization in the Secondary Chick Cornea
during Development
Andrew J. Quantock, Craig Boote, Veronique Siegler, and Keith M. Meek
PURPOSE. The latter stages of morphogenesis in the embryonic
chick cornea are instrumental in the establishment of a prop-
erly formed corneal stroma. This study was designed to provide
better appreciation of collagen reorganization in the avian
corneal stroma during the latter stages of embryogenesis.
METHODS. High-angle synchrotron x-ray diffraction patterns
were obtained from 47 developing chick corneas daily at de-
velopmental days 13 through 18 (n 7 or 8 at each time point)
and analyzed to establish collagen molecular spacing and fibril
orientation.
RESULTS. Collagen intermolecular x-ray reflections were of ap-
proximately constant intensity between days 13 and 15 of
development, but thereafter became progressively more in-
tense, suggesting that extra collagen is deposited in embryonic
chick corneas after day 16 of development. At all times, the
mean collagen intermolecular spacing measured approxi-
mately 1.43 nm. X-ray intensity was not uniform around the
intermolecular x-ray reflections at earlier time points. Rather, a
fourfold symmetry was evident, indicative of an orthogonal
array of collagen fibrils. An index of this symmetry was essen-
tially unchanged between developmental days 13 and 15, but
thereafter diminished considerably.
CONCLUSIONS. The lateral spacing of fibril-forming collagen mol-
ecules does not change as the chick cornea develops between
days 13 and 18. An orthogonal array of collagen fibrils is
present in the corneas of developmental day-13 to -18 chicks,
but starting at developmental day 16, additional collagen is
deposited in a less well-oriented manner and thus acts to
obscure the overall orthogonality, with implications for the
biomechanical strength and shape of the cornea. (Invest Oph-
thalmol Vis Sci. 2003;44:130–136) DOI:10.1167/iovs.02-0544
The mature vertebrate cornea is a remarkable tissue—tough,transparent, and, in terrestrial vertebrates, shaped so as to
form the major refractive component of the visual system. In
lower vertebrates such as the chicken, the formation of the
corneal stroma is the result of a precisely controlled sequence
of developmental events initiated on the third day of incuba-
tion by the detachment of the primitive lens from the adjacent
surface ectoderm and the subsequent differentiation of this
ectodermal layer to form the corneal epithelium (for a review
of chick corneal development, see Linsenmayer et al.1). Soon
after, the epithelium synthesizes collagen fibrils, which are
secreted into the space between the corneal epithelial base-
ment membrane and the basement membrane of the anterior
lens epithelium, so that a loose network of collagen fibrils, 2 to
3 m thick at the end of day 3, is formed. This primitive,
acellular corneal matrix is known as the primary corneal
stroma. On the fifth day of development, the primary stroma is
rapidly invaded by presumptive corneal fibroblasts that pro-
ceed to lay down collagen as the cornea swells and matures
into what, in avian species and lower vertebrates, is known as
the secondary stroma.
Development of the secondary chick corneal stroma from
developmental day 9 to hatching at day 21 is dominated by
major structural transformations that govern tissue form and
function. The most influential of these include matrix compac-
tion,2–7 proteoglycan alterations,8–14 and changes in collage-
nous and noncollagenous extracellular matrix components.15–21
Of particular importance when considering structure–func-
tion relationships in developing cornea is the matrix of fibrillar
collagen and how it is organized. For example, adjustments in
the lateral packing of collagen fibrils are believed to be func-
tionally significant, because theories of corneal transparency
require some sort of order in the fibrillar array for light trans-
mission.22–26 Indeed, early spectrophotometry experiments27
indicated that 40% of incident white light is transmitted
through the embryonic chick cornea before and at day 14 of
development, with 95% transmission by day 19. Thus, some
sort of a causal relationship between stromal remodeling dur-
ing development and the acquisition of corneal transparency
seems likely.
Another key structural parameter in corneal development is
the orientation of fibrillar collagen. Collagen fibrils that make
up the bulk of the stromal matrix in the mature cornea lie in
sheets or lamellae in the plane of the cornea. Within each
lamella, fibrils lie approximately parallel, but fibrils in adjacent
lamellae tend to run at fairly large angles to one another.28 The
fibrils themselves are composed of long, thin collagen mole-
cules, laterally spaced by approximately 1.6 nm and axially
staggered by defined distances. These collagen molecules
(types I and V) tend to run within several degrees of the fibril’s
axis. Molecular orientation thus approximates fibrillar orienta-
tion. In the embryonic chick cornea, we suspect that the
orientation of collagen may influence the biomechanical stabil-
ity, and in turn the shape, of the cornea. To gain better
appreciation of the spacing of collagen molecules and the
orientation of collagen fibrils within developing chick corneas
and any temporal reorganization that might take place, we
initiated a high-angle synchrotron x-ray diffraction investiga-
tion.
Synchrotron x-ray diffraction is a biophysical technique
whereby an intense beam of x-rays generated by a synchrotron
(a large particle accelerator) is passed through an intact, iso-
lated cornea, ordinarily in a direction at right angles to the
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plane of the cornea, to generate an x-ray diffraction pattern.
From this pattern we can determine several details about the
cornea’s internal structure (for review see Meek and Quan-
tock29). One feature that can be examined in this manner is the
collagen supramolecular structure, and information can be
obtained about the mean lateral spacing of fibril-forming colla-
gen molecules, the amount of fibrillar collagen in the cornea,
and the orientation of the collagen molecules and fibrils. Data
are highly illustrative, because they represent an average
throughout the whole region of the cornea through which the
x-ray beam passes. Moreover, information is gained from cor-
neas that have not been dehydrated or chemically fixed and
thus closely reflect the physiologic situation. Our findings dis-
closed alterations in the overall collagen orientation, but not
lateral intermolecular spacing, in the embryonic chick cornea
between days 13 and 18 of development. Predominantly, these
are initiated on day 16.
MATERIALS AND METHODS
Fertilized hen eggs were obtained from a commercial hatchery (Poultry
First, Worchester, UK) at various stages of development. At this facility,
eggs are placed in the incubator daily at around 2 PM and most hatch
21 days and 12 hours later. We collected eggs at noon after 13, 14, 15,
16, 17, and 18 days of incubation and dissected the corneas at the
limbus within 3 to 4 hours of collection (at days 13 and 14, this
required no incision, because the corneas could simply be grasped at
the edge with fine-toothed forceps and pulled away; later time points,
however, necessitated circular incisions). At all times the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research was
adhered to, as were local rules. Once excised, corneas were immedi-
ately plunged into liquid nitrogen-cooled isopentane, wrapped in plas-
tic film to limit evaporation, and stored at 80°C before the synchro-
tron x-ray diffraction experiments. In all, 47 corneas (n 7 or 8 at each
developmental day) were used for the current high-angle x-ray diffrac-
tion analysis. In their study of freezing in the corneal stroma Fullwood
and Meek30 showed that synchrotron x-ray diffraction patterns are
essentially unchanged after freezing and thawing, even when the
cornea is more highly hydrated than normal.
Specimens were transported frozen to the Synchrotron Radiation
Source (SRS) (Daresbury Laboratory, Cheshire, UK) where high-angle
synchrotron x-ray diffraction patterns were recorded to provide mea-
surements of the molecular spacing and relative alignments of colla-
gen. A fuller account of the precepts behind this approach as applied
to studies of cornea can be found in a recent review.29 For the current
experiments, corneas were allowed to thaw between two sheets of
mylar in an air-tight specimen chamber and were placed in the path of
a focused x-ray beam (  0.1244 nm), that measured 300 m  300
m at the specimen. The x-ray shutter was then opened (for 2 minutes
in each case) so that the x-ray beam passed through the center of every
cornea that was examined in a direction at right angles to the plane of
the cornea. X-rays that traveled straight through the specimen were
absorbed by a small backstop made of lead placed a few centimeters
behind the cornea. Diffracted x-rays were recorded on an x-ray detec-
tor located 40 cm behind the cornea. All 47 x-ray diffraction patterns
were transferred via the Internet to the home laboratory for analysis on
UNIX workstations (Sun Microsystems, Mountain View, CA) and com-
puters with the appropriate Windows NT-based software (Optimas,
Bothell, WA) and statistical packages (Excel; Microsoft, Redmond,
WA).
A circular x-ray reflection (sometimes lobed) was present on x-ray
patterns from all 47 corneas examined. This arose because of the
interference of x-rays scattered by collagen molecules within fibrils,
and by calibrating the set-up using the sharp 0.305-nm x-ray reflections
from powdered calcite, we were able to measure the average lateral
separation (Bragg spacing) of the collagen molecules. The relative
intensities of these intermolecular reflections provide a measure of the
amount of collagen in the volume of the cornea through which the
x-ray beam passes (in this case, a volume 300 m  300 m extended
through the whole thickness of the cornea). To gauge how much
collagen was present, we generated radial distribution plots of x-ray
intensity in all diffraction patterns, in which the intensity at each radial
position was a summation through 360°. A power-law background
function, representing x-ray scatter from stromal matrix elements
other than fibrillar collagen, was then fitted to and subtracted from the
distribution. An index of x-ray intensity, reflective of the amount of
collagen, was then calculated for each intermolecular reflection and
presented as a ratio of the integrated intensity of the reflection above
background to the integrated intensity including background. The
amount of aligned collagen as a proportion of total (i.e., aligned plus
isotropic) fibrillar collagen was determined from the variation of scat-
tered x-ray intensity measured circumferentially around each intermo-
FIGURE 1. High-angle synchrotron
x-ray diffraction patterns from chick
corneas at developmental days 13
through 18 (D 13–D 18). The central
circle is the shadow of a lead back-
stop used to prevent the main x-ray
beam from hitting the x-ray detector.
Outside this, regions where scattered
x-rays were more intense are indi-
cated in pale yellow. In all cases an
x-ray reflection was seen, formed by
the interference of x-rays scattered
by collagen molecules within fibrils.
The reflection was lobed at earlier
time points. The intensity and posi-
tion of this reflection allowed the de-
termination of some aspects of the
collagen supramolecular structure in
the corneal stroma.
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lecular reflection. Typically, fourfold symmetry was evident in the
lobed intermolecular reflections, indicative of an orthogonal array of
collagen fibrils. A numerical index to represent this orthogonality was
calculated as a ratio of x-ray scatter from aligned collagen to x-ray
scatter from total collagen.
RESULTS
High-angle synchrotron x-ray diffraction patterns from all 47
developing chick corneas contained clearly visible x-ray reflec-
tions arising from the regularly spaced collagen molecules
within fibrils (Fig. 1). Circular, 360° integrations of the x-ray
patterns around their centers, when plotted as a function of
the radial distance from the center of the pattern outward,
denoted the intermolecular reflections as regions of height-
ened x-ray intensity (Fig. 2). The intensity peaks were noted to
be larger at days 17 and 18 of development than at earlier
times, and to investigate this matter in more depth, we gener-
ated an index of x-ray intensity for the intermolecular reflec-
tion for every cornea examined. This index was defined as the
ratio of x-ray scattering from regularly arranged collagen mol-
ecules above background to total x-ray scattering from all
matrix components (including the regularly arranged collagen)
over the same radial distance range (Fig. 2). Intermolecular
x-ray intensity indices were averaged for all corneas at each
developmental day and are presented graphically in Figure 3
(mean  SE).
Further analysis of the relative positions of the intermolec-
ular reflections enabled us to gain a measure for the mean
lateral separation of the fibril-forming collagen molecules. At
present, the way in which collagen molecules pack together
into fibrils in the cornea is not known, although work in other
collagen-containing tissues has suggested that a quasihexago-
nal or pseudohexagonal mode of packing is likely.31–33 Thus,
the values obtained and quoted herein are for the average
collagen intermolecular Bragg spacing.34 Conversion of Bragg
spacing to actual intermolecular spacing simply requires mul-
tiplication by a packing factor, 1.11 in the case of the
pseudohexagonal lattice envisaged by Maroudas et al.33 The
current data (Table 1) indicate that the mean collagen inter-
molecular Bragg spacing does not vary appreciably throughout
the developmental range studied.
An understanding of how we can elicit information regard-
ing the orientation of collagen fibrils from the collagen inter-
molecular reflection requires some appreciation of how the
x-ray patterns are formed (more detail can be found in Ref. 29).
First, because the type I and V collagen molecules that consti-
tute the corneal collagen fibrils tend to lie along the fibrils’ axis,
we take collagen molecular alignment to reflect collagen fibril-
lar alignment. An intermolecular x-ray diffraction pattern from
a single, isolated lamella in the corneal stroma in which all
collagen fibrils run in the same direction would appear as two
diffraction maxima located either side of an axis on the x-ray
detector that runs in the same direction as the collagen fibrils.
Such as situation is depicted in Figure 4, with the diffraction
maxima smeared out in a circular manner around the center of
the diffraction pattern to indicate a situation in which some
fibrils deviate slightly from a perfect parallel arrangement. By
extension, two isolated lamellae that lie at right angles to one
another would give rise to an x-ray diffraction pattern with four
diffraction maxima, equidistant from the center of the x-ray
pattern and separated by 90°. In contrast, a stack of lamellae
with a totally heterogeneous radial distribution, constructed so
FIGURE 2. Plot of x-ray intensity
against the radial position of the
high-angle x-ray diffraction pattern
from a day-18 chick cornea over the
range that includes the intermolecu-
lar reflection. The intensity at each
radial position is a summation
through 360°. Heightened x-ray scat-
tering above background due to the
intermolecular reflection is evident
and is designated I1. The intensity
index of each intermolecular x-ray
reflection is calculated as I1/(I1  I2).
FIGURE 3. Average (SE) intensity indices of the collagen intermolec-
ular reflections for day-13 to -18 developing chick corneas (n  7 or 8
at each time point). The trend was for the index to rise progressively
after approximately day 16, indicating the presence of more fibrillar
collagen in the cornea at later times.
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that when averaged throughout the whole depth of the cornea
no direction in the plane of the cornea contains more fibrils
than any other direction, gives rise to a circular intermolecular
reflection of uniform intensity around its circumference. The
upshot of this is that corneas in which some directions possess
proportionally more collagen fibrils than other directions give
rise to lobed intermolecular x-ray reflections. Thus, the extent
to which intermolecular reflections are lobed allows us to learn
about the relative overall orientation of collagen fibrils in the
cornea—a line of investigation that has led to the discovery of
a preferred superior-inferior/medial-lateral arrangement of col-
lagen fibrils in the center of the mature human cornea35,36 and
the presence of a circumcorneal annulus of collagen at the
limbus,37–39 with clear implications for the biomechanical sta-
bility of the cornea.
In the current experiments, it was noteworthy that early in
development intermolecular x-ray reflections tended to be
lobed with fourfold symmetry. Reflections at progressively
later developmental days, however, were of a more uniform
intensity (Fig. 1). Integrations of x-ray intensity circularly
around the 360° intermolecular reflections were generated to
investigate by how much each reflection was lobed. A simple,
flat trace would be generated by the integration around a
perfectly uniform intermolecular reflection—a trace with four
equally spaced peaks by a lobed reflection with fourfold sym-
metry. Figure 5 shows the circular integrations around the
intermolecular reflections from the developmental day-13 and
-18 corneas that are presented in Figure 1. From this, it is clear
that that the formation of a lobed intermolecular x-ray reflec-
tion is more conspicuous earlier in development. To quantify
the extent to which each intermolecular reflection was lobed,
we calculated a numerical index from the circular integrations
from all intermolecular reflections. This was achieved by divid-
ing the area under the peaks but above homogeneous back-
ground scatter by the total area under the peaks, including
background scatter (Fig. 6). In effect, this is dividing x-ray
scatter from orthogonally aligned collagen molecules by the
x-ray scatter from all matrix components. As a result, the more
lobed the x-ray pattern, the higher its numerical index, and the
higher the index, the higher the proportion of orthogonally
arranged collagen fibrils in that particular cornea. This analysis
revealed that the numerical index describing the extend by
which the intermolecular reflections were lobed remained
approximately constant between developmental days 13 and
15, started to decline at day 16, and diminished further at days
17 and 18 (Fig. 7; mean  SD).
DISCUSSION
All corneas investigated gave rise to a high-angle synchrotron
x-ray diffraction pattern with one broad but clear x-ray reflec-
tion (Fig. 1). This reflection is formed by the interference of
x-rays scattered by the parallel, regularly spaced collagen mol-
ecules that make up the stromal collagen fibrils and as a result
is commonly known as the intermolecular reflection. Analysis
of the relative mean intensities of these reflections indicates
that they remain fairly constant between developmental days
13 and 15, but thereafter rise progressively (Fig. 3). Of course,
given that the intensity index is a ratio, an increase would
occur if the amount of fibrillar collagen remained unchanged
throughout development from day 13 to 18, but the levels of
other matrix components diminished. We believe, however,
that a more likely cause of the upturn in the x-ray intensity
index is the progressive synthesis and formation of collagen
molecules into fibrils in embryonic chick corneas that becomes
more prominent after day 16 of morphogenesis.
As mentioned, the position of the intermolecular reflection
allowed us to calculate the average lateral spacing of types I
and V collagen molecules within the fibrils. This remained
essentially unaltered throughout the stages of development
studied (Table 1), despite the fact that the secondary chick
cornea undergoes considerable dehydration between days 13
and 18 of development.3,4,7 This implies that the diameters of
the collagen fibrils (unless there are significant changes in the
number of molecules present) should not vary. Indeed, this
would seem to be the case, given that classic electron micro-
FIGURE 4. Schematic representation of the formation of a high-angle
x-ray diffraction pattern from an isolated, single sheet of collagen
fibrils, with most fibrils running in the same direction. The reflections
shown are due to the collagen molecules within the fibrils that run
approximately parallel to the fibrils’ axis.
FIGURE 5. Integrated x-ray intensity around the intermolecular reflec-
tions from the developmental day-13 (solid line) and -18 (dotted line)
corneas shown in Figure 1. The four large peaks in the day-13 plot are
indicative of a heavily lobed x-ray reflection. The flatter day-18 plot
signifies a less lobed intermolecular reflection.
TABLE 1. Average Spacing of Collagen Molecules within Fibrils in
Day-13 to -18 Developing Chick Corneas
Developmental Day
Intermolecular Bragg
Spacing
13 (n  8) 1.42  0.03
14 (n  8) 1.43  0.03
15 (n  7) 1.42  0.02
16 (n  7) 1.45  0.02
17 (n  8) 1.41  0.02
18 (n  8) 1.45  0.01
Data are nm (mean  SD).
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scopic images of the developing chick cornea disclose collagen
fibrils with diameters that remain unchanged during embryo-
genesis.4,40 The finding that water is being removed from the
stroma over the day-13 to -18 period with no appreciable
compaction of collagen molecules within fibrils is also in line
with in vitro biophysical studies of isolated bovine corneas.
These divulged that, after dehydration, water is primarily re-
moved from interfibrillar spaces or compartments, and only at
levels of tissue hydration much lower than those encountered
in the current study (when less than approximately 50% of the
cornea’s wet weight is water) is water extracted from within
the fibrils themselves, resulting in reduced collagen intermo-
lecular spacing.41,42
The fourfold symmetry in the collagen intermolecular re-
flections became less evident as development proceeded (Fig.
1). This is structurally significant, because it implies that pro-
portionally less collagen fibrils are arranged in an orthogonal
array as the chick cornea develops over the period studied (Fig.
7). This is not to say that the orthogonal matrix present at
developmental days 13 to 15 is necessarily degraded in any
sense. Rather, we believe that the additional regularly arranged
collagen that is deposited after day 16 (Fig. 3) is laid down in
such a way as to obscure the overall orthogonality of existing
collagen fibrils.
How do our findings fit with established knowledge of the
developmental dynamics of the embryonic chick cornea? It is
well known that the primary stroma up to day 5 of develop-
ment is deposited by the corneal epithelium and is arranged
exclusively in an orthogonal array.4 Mesenchyme then invade
and quickly begin to synthesize collagen fibrils to form the
secondary stroma. These collagen fibrils tend to be deposited
in register with the existing lamellae, and thus the orthogonal
arrangement is preserved. As a result, the primary corneal
stroma has often been viewed as a template or scaffold that
dictates the formation of the secondary avian cornea.3,43,44 At
the same time as the secondary stroma is being synthesized by
presumptive corneal fibroblasts that have invaded it, the epi-
thelium continues to lay down fibrillar collagen. This, of
course, is deposited anterior to the invaded stroma and is laid
down in lamellae that are rotated a few degrees in relation to
the lamella immediately below. As viewed from its endothelial
side, the direction of rotation is clockwise when the cornea is
traversed from its endothelial to epithelial surfaces.3,44 More-
over, the direction of rotation is the same in both eyes, and this
lack of axial symmetry around the body midline has led to the
suggestion that a self-assembly process based on the inherent
“handedness” of fibrillar collagen may be at play.43 As devel-
opment progresses, presumptive fibroblasts invade more of the
stroma and continue to lay down collagen in register with
existing fibrils, and because deposition by the epithelium of
successively rotated layers of collagen is continuing, the newly
deposited secondary stromal lamellae are also rotated.
The upshot of this developmental sequence of events is that
in both developmental day-1244 and -14 corneas43 the posterior
50 m of stroma (approximately 25% stromal thickness at
these times) comprises an orthogonal array of collagen fibrils.
This is simply because the secondary stromal fibrils in the
deepest layers of the cornea were laid down in register with
the orthogonal fibrils of the primary stroma before the depo-
sition of the anterior rotated lamellae had begun. Collagen
lamellae anterior to this 50-m zone are progressively rotated,
and throughout the remaining 150 m of the anterior rotated
stroma at day 14 the total net angular displacement is approx-
imately 210°.43 Recent work has shown that the small-angle
light scattering and birefringence properties of the mature
chick cornea are consistent with this structural model.45
FIGURE 6. Integrated x-ray intensity
around the intermolecular reflection
(after the subtraction of background
x-ray scatter) from a developmental
day-13 cornea indicating the contri-
bution to x-ray scatter from preferen-
tially aligned collagen (I3) and non-
preferentially aligned collagen (I4).
The orientation index of each inter-
molecular x-ray reflection is calcu-
lated as I3/(I3  I4).
FIGURE 7. Average (SE) numerical indices reflecting the extent to
which the intermolecular x-ray reflection was lobed at developmental
days 13 through 18 (n  7 or 8 at each time point). The index began
to decline progressively after approximately day 16, indicating less
overall alignment and orthogonality of collagen fibrils as development
proceeded.
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Our finding of collagen intermolecular x-ray reflections with
fourfold symmetry at days 13 to 15 of development can be
reconciled with the tissue architecture we have outlined if we
remember that the x-ray patterns we obtain are generated by
passing the x-ray beam through the whole thickness of the
cornea. Thus, x-ray scatter from all levels of the tissue—that is,
anterior rotated, and posterior unrotated—contributes to the
pattern at these and other times. If we first consider x-ray
scatter from the regularly arranged collagen molecules in the
anterior rotated stroma, we can reason that if the degree of
rotation between successive lamellae is assumed to be approx-
imately equal (and at day 14 of development this was estimated
by Trelstad and Coulombre43 to be between 2.8° and 5.6° per
lamellae), a net rotation of 180°, or any multiple thereof, would
lead to a fully homogeneous angular distribution of fibrils with
no preferred fibrillar orientation and no lobing of the intermo-
lecular reflection. We contend that a net rotation in the region
of 210° that is predicted at day 14 of development43 is close
enough to 180° to give rise to an intermolecular reflection with
no readily discernible lobes. Of course, because the x-rays pass
through the whole cornea, x-ray scatter from regularly spaced
collagen molecules in the posterior, unrotated stroma would
also contribute to the x-ray diffraction pattern, and at days 13
to 15 this comprises approximately one quarter of the stromal
thickness. Because collagen fibrils in this portion of the stroma
lie in an orthogonal array, they would be expected to give rise
to an intermolecular reflection with fourfold symmetry that
would be superimposed on the isotropic scatter from nonpref-
erentially arranged anterior collagen to form a lobed intermo-
lecular reflection. Indeed, this is what we saw, especially at
days 13 to 15. In this way our x-ray data fit with the established
view of corneal matrix ultrastructure during this period of
development.3,43,44
An important finding of the present study is that x-ray
diffraction patterns obtained from corneas between develop-
mental days 16 and 18 differ from patterns obtained at earlier
time points, because the intermolecular reflection is more
homogeneous (Figs. 1, 7), a finding that, as mentioned, is
indicative of proportionally less orthogonal, aligned collagen in
the cornea at these later times. Clearly, this situation could be
arrived at by the reorganization of collagen fibrils and lamellae
in the posterior, unrotated part of the cornea into a less or-
thogonal array or by continued deposition of fibrillar collagen
in such a way as to mask the contribution to the intermolecular
reflection of the posterior orthogonal lamellae. We cannot
provide any direct evidence to support our contention, but
believe that the latter possibility is by far the more likely,
especially because changes in the intensity index of the inter-
molecular reflection (Fig. 3) point to the deposition of in-
creased amounts of collagen after day 16 of development.
Given that the x-ray diffraction patterns analyzed were gen-
erated by passing x-rays through the whole thickness of the
cornea, our data can shed no light on the possible location in
relation to stromal depth of the collagen that we envisage is
deposited at and after day 16 of development and that obscures
the orthogonality of the fibrillar array in the posterior cornea.
Nevertheless, it is interesting to note that Linsenmayer et al.46
have documented two layers of stable collagen in the anterior
half of the embryonic chick cornea that are well established by
day 18 to 19 of embryogenesis and that run uninterrupted from
limbus to limbus and appear to associate with the scleral
ossicles. They indicate that at developmental days 12 to 14 the
stable collagen bands are faint and less apparent in the central
cornea than at the periphery. They further conclude that the
collagen bands do not develop abruptly, but form slowly over
a period of days. It is conceivable that the fibrillar collagen that
we contend is deposited in the central cornea at and after day
16 of development is, at least in part, the collagen of the stable
bands. Moreover, if by providing a physical link to the scleral
bundles and scleral ossicles, the function of the stable bands is
to promote corneal stability as has been proposed,46 this may
require an angular distribution of collagen fibrils that has no
preferential alignment. Such an arrangement would act to
obscure the orthogonality in the posterior cornea on x-ray
diffraction patterns.
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